Introduction
The Ames laboratory has pursued research in the use of lasers to decontaminate radioactive metals since late in 1990. This work was motivated by the 1989 U.S. Department of Energy (DOE) initiative to remediate contaminated facilities and equipment. The initial announcement of the DOE site restoration program contained two strong imperatives:
1. The remediation of DOE facilities must emphasize recycling. Large quantities of valuable metals were used to construct DOE facilities and decontamination methods could, in principle, allow the recovery of a large percentage of those materials for beneficial reuse. The alternative to decontamination, land burial, is discouraged as both wasteful of resources and environmentally suspect.
2. The remediation of DOE facilities must be accomplished without subjecting workers to health risks due to exposure to hazardous and radioactive materials. This adherence to the ALARA (As Low As Reasonably Achievable) principle in facility remediation suggests that work with radioactive materials be done remotely and with automated equipment whenever possible.
The decontamination of metals that are "surface" contaminated is achieved by ablating material from the surface and capturing the ablated materials before they can redeposit on the treated surface. Work in Ames indicates that laser ablation efficiency is optimized by using fast-pulse lasers (i.e., pulse width e1 ps). Lasers with wavelengths in the near infrared region of the spectrum (1064 nm) and in the ultraviolet region of the spectrum (248 nm) have been shown effective for the laser ablation of metals.
Initial studies in laser decontamination were pursued under funding from the Office of Technology Development (EM-50)'. Additional funding was subsequently received from Westinghouse Idaho Nuclear Company, Inc. (WINCO). The success decontaminating small objects in a laboratory setting naturally led to additional questions that are partially addressed Is laser decontamination technology viable for large Can laser decontamination be performed in situ on large
Prelim in ary Design
The full-scale demonstration of laser decontamination (i.e., LASDEC) technology has been performed on a surplus tank supplied by WINCO in January 1994. A schematic of that tank is shown in Figure 1 
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The preparation of the tank for decontamination of both the external and internal surfaces using an excimer laser requires that the end-cap of the tank be removed to provide access to the tank interior. Since, in a real application, the tank would be located in a restricted environment and manual cutting of the end-cap would be potentially hazardous, a remote cutting method is preferred. Products Division Office, Livonia, MI) offered to demonstrate that the tank could be cut open using a commercial continuous wave (CW) Nd:YAG laser. Furthermore, they would also prove that the CW laser beam could be delivered to the tank by optical fibers positioned around the tank by a robotic arm under computer control to demonstrate that the cutting operation could be performed remotely, with little hazard to workers.
The Lumonics Corporation (Industrial The tank was shipped directly to Lumonics by WINCO and a video tape of the demonstration, which was quite successful, was supplied to us shortly afterwards. the tank can be prepared for laser decontamination in a remote location.
As a result of the successful demonstration, we assume that
The preparation steps essentially convert the complex tank into a right circular cylinder that is -40" long and 24" in diameter with a wall thickness of 0.375." LASDEC is most easily applied to regular geometric shapes such as cylinders and planes; delivery systems employing either fiber optics, for visible and/or near infra-red lasers, or computer controlled mirror/lens assemblies, for excimer lasers, can extend LASDEC to more complex shapes. ~ The Ames Laboratory Engineering Services Department was asked to help develop an engineering design for the simulated decontamination of the WINCO tank. The design is subject to a major constraint: the assumption that the tank is located in a difficult-to-access environment typical of a hot cell or process cell. The Ames Laboratory LASDEC laboratory was designed with such an application in mind. The excimer laser and computer used to control the rastering of material through the laser beam are located in a "clean" environment outside of a room that contains the "hot" materials needing decontamination. The excimer laser beam is sent through a port in the wall between the hot area and the clean laser facility ( Figure 2 ). Once in the hot area, the laser beam is directed to the material requiring treatment by a mirror or combination of mirrors. beam is focused onto the material using a simple lens and material ablated from the metal's surface is routed to a HEPA filter for collection. The resulting design is based upon the use of a frame that can be constructed over the tank to provide support for translational stages needed to move laser focusing mirrors along the long axis of the tank. The frame does not need to touch the tank and, for a real application, can be made adjustable to fit objects of different sizes and be surface treated to facilitate decontamination. However, to reduce costs, the frame used for the Ames demonstration is fixed in size and is not surface treated. The laser beam is focused onto the tank surface with a cylindrical lens that is fitted into a cell used to collect ablated materials from the surface (see Figure 3 ).
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Cylindrical Lens 1 Figure 3 . Focusing LendCollection Cell apparatus used to deliver laser energy to a surface and capture particulates generated during the laser ablation process.
The work in Ames is accomplished in air at normal pressures; these conditions are chosen to simplify apparatus design and implementation for "real-world" conditions. The laser ablation of metals is most efficient in a helium atmosphere or under reduced pressure2. The current Ames apparatus uses a photodetector to capture laser light reflected from the surface and automatically adjust the distance between the lens and the surface to maximize ablation efficiency. For the best operation, the direction of the laser beam needs to be perpendicular to the surface being exposed. An apparatus design, featuring a rotational stage under computer control to maintain perpendicularity between the laser beam direction and the surface being treated, emerged as the most appropriate for the LASDEC application in a restricted environment (see Figures 4 & 5) . Such a stage is not currently implemented in Ames. Thus the tank was "decontaminated" in sections and it was necessary to periodically manually readjust the tilt of the focusing lens between sections to maintain perpendicularity. These manual adjustments would be very difficult were the tank in a process cell.
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Cost of capital equipment
The cost of capital equipment for a production-scale application of LASDEC technology is estimated from the equipment used for experimentation in Ames, which is listed in Table 1 . Both low-and highvalue equipment are included in the table. The lasers and optical components used for this work were not originally purchased for an industrial application and may not represent the most suitable choices for a real-world application. The estimated annual cost of capital equipment is calculated according to the formula given in Table 2. This table shows the results of the calculations performed for the Questek laser. We assume a 10-year amortization period for the non-laser components and compute the annual equipment cost as a function of the interest rate and amortization period of the laser (5 to 7 years). A range of interest rates (3 to 11%) yields a range for annualized equipment costs of $1,500 (YG660); $3,000 (NY82) Totals = $2,900 (YG660); $6,800 (NY82) (*see discussion on page 10 for vendor's suggestions.)
Consumable supplies: We assume that the laser apparatuses can be positioned in close proximity to the restricted access area close to items that require decontamination. It is also assumed that electricity and cooling water can be provided at the site at no cost to the decontamination operation.
The Ames excimer laser operation consumes gases and liquid nitrogen (required for the operation of a cryogenic gas purifier). According to one excimer laser vendor (Lumonics) these costs are -$3.OO/hour for a 9OW excimer laser used on an industrial basis. The highly automated operation of most modern laser systems permits their use with only minimal supervision and they should be amenable to multi-shift operation. We assume 60 hour/week operation for 50 weeks of the year, which yields an annual gashiquid nitrogen costs of $9,000.
An excimer laser industry publication3 detailed recent (1 993-1 994) improvements in excimer laser performance. It describes a commercial excimer laser system in which the halogen gases and gas delivery system have been replaced by an on-demand pure fluorine gas generator located within the laser tube assembly. This new development in excimer laser technology offers the possibility of year-long industrial operation without any scheduled maintenance or gas replacement. Nd:YAG lasers do not sustain costs for replaceable gases. Flash lamps can be considered a consumable item requiring periodic replacement. 
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Representatives of a commercial Nd:YAG laser manufacturer were contacted and asked to comment on the Nd:YAG costs outlined in this report. They stated that4:
We would like a minor modification to be made in the performance and cost area as mentioned in our conversation this morning. 50 Hz repetition rate with 1200 mJ @ 1064 nm in 9 ns is our standard product for over one year (Powerlite 9050 Note that 24 hour/day operation at 30 Hz results in -30 million shots per 12 day period and therefore flashlamps would need to be replaced roughly once per month under these conditions. An advantage held by Nd:YAG lasers relative to excimer lasers for metal decontamination is the potential for porting Nd:YAG laser beams to remote locations with relatively inexpensive optical fibers. The fibers rewesent ir co nsumable expense that we have no wav to est imate o n an annual bas is.
Labor costs: Annual labor costs include two components. First we assume that an employee is trained in the servicing and operation of the laser. We assume that the employee has an undergraduate education with a science major and earns $50,00O/year. Overhead and benefits add an additional $50,000 yielding an annual 'dedicated" labor cost of $100,000. , An additional labor-related cost component will be added later to cover 40. Black, Continuum Lasers, Carmel, IN. Private communication, August 5, 1994. costs associated with the alignment of laser systems within restricted environments. These costs are related to additional labor that is needed to assist the laser operator during alignment. Since there may be less maintenance associated with the use of a Nd:YAG laser relative to an excimer laser of the type used in Ames it is possible that labor costs would diminish were a laser of this type used. We, however, utilize the same labor costs for each laser in our calculations.
Secondary waste d isposa I:
A purported advantage of LASDEC over other decontamination methods is related to the minimization of secondary wastes. LASDEC requires no solvents and only a small amount of the total mass of the object is converted to particulates during the ablation process. [If the laser ablation process removed a uniform thickness of 10 pm from the total WINCO tank surface, the weight of material removed would be -330 grams (this assumes that the material removed has a density of 8 g/cm3, which approximates the density of stainless steel)]. The ablated material is collected with an in-line HEPA filter and the most significant secondary waste created during laser processing is expected to be the contaminated HEPA filter. No estimated costs for the HEPA filter disposal are included here for two reasons. First, if the object treated is contaminated with high-enriched uranium or plutonium, criticality issues may require the utilization of either a specialized filter (i.e., critically-safe geometry) or the replacement of the filter at frequent intervals. Second, technology development is currently underway to produce a reuseable stainless steel HEPA filter that could be available in the near future.
Tank decontamination
The production scale application considered here is the laser decontamination of a stainless steel W INCO tank. An uncontaminated WINCO tank was shipped to Ames in January 1994 for this demonstration. The use of a laser apparatus for the in situ decontamination of this tank was demonstrated by removing a layer of black paint from the outer surface and grease from the inner surface of the tank. The demonstration was conducted with the tank resting on the floor the way it would in a process environment. The demonstration of tank cleaning demonstrated that the laser could reach virtually the entire tank surface, both internal and external (see Figures 6 & 7) . The laser could not reach a small portion of the two supports used to balance the tank on the floor. To estimate the cost of decontaminating the tank via laser ablation, we need to estimate the cleaning rate. We assume surface corrosion somewhere between that of WINCO SIMCON I and SIMCON II samples, which were laser cleaned as part of another task. Using an excimer laser at -5OW average power (-300 mJ/pulse at 150 Hz), SIMCON I samples were cleaned at a scanning speed of 1.7 mm/s whereas SIMCON II samples were cleaned at 1.25 mm/s. We therefore assume a scanning speed of 1.5 mm/s for the cleaning of the tank surface. This speed translates into an area coverage of 0.16 m*/h. Since the tank area requiring cleaning has a total surface area (external + internal) of -4 m2 the decontamination of the tank should require -25 hours of laser irradiation. in the Appendix suggest that -12 hours will be necessary.
Calculations described
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Similar calculations were performed for three Nd:YAG lasers and the results are given in Table 3 . The operative assumption driving the calculations is that a minimum irradiance (joules/s*area = watts/cm2 ) of 1E08 W/cm* is required for surface cleaning at the excimer laser wavelength of 248 nm whereas 5E08 W/cm2 is required at the Nd:YAG wavelength of 1064 nm. This assumption is also discussed in the Appendix. To minimize maintenance requirements, the Ames group uses its excimer laser at roughly 50% of rated power. The calculations used to compute the excimer laser result in Table 3 assume the use of the excimer laser at roughly 50% of rated average power; values for Nd:YAG parameters are chosen at roughly 100% of rated output power. Currently an excimer laser with an average power in excess of 1000 W is commercially available (SOPRA VEL 1) and another with an average power of roughly 2000 W is under development in Japan? Assuming conservative operation of these devices (50% of maximum power operation) it is likely that the -12 hour cleaning time could be reduced substantially were one of these lasers used for this task. Assuming that the laser cleaning process can be put under computer control so that only limited attention from site personnel is required, it isn't clear that cost savings would result from the application of very high pulse power lasers to small cleaning projects. However, certain large cleaning projects (e.g., large walls) could be made feasible with the large laser systems. 
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Tank cleaning costs:
The cost for tank cleaning can be estimated with reference to estimated yearly costs. The annual cost figures need to be prorated against the estimated time needed to clean the tank and additional costs for labor that would be incurred during experimental set-up need to be added. For the sake of this estimate we assume that the worker in charge of the laser will require assistance placing a frame around the tank and aligning the laser system with the tank, which is assumed to be in a hot cell. We assume the set-up to require -10 person-hours (5 X the time taken in Ames) with the helper's time (5 hours) costed at $50/hour. We assume that each laser is in operation for 3000 hours/year and estimate costs by prorating the time needed to clean the tank against the yearly costs. The laser operator is assumed to spend 7 hours setting up the work and an additional 3 hours observing the work in progress and tearing down the apparatus at the conclusion of the job. The operator's time (10 hours The other percentages are based on a 3000 hour annual usage and rounded up to the nearest whole percentage. A summary of these costs is provided
in Tables 4 -6. Note that it is very possible that labor costs could be substantially reduced if the laser operator were responsible for more than one laser decontamination apparatus, which, assuming a high degree of computerized operation, is not unreasonable. The estimated costs do not include costs for engineering diagram preparation, safety studies, and dismantlement procedures needed prior to decontamination.
A major uncertainty in the calculation of costs for the Nd:YAG lasers is the cost of the optical fibers needed to port the Nd:YAG laser beams into a restricted area. These should be added, when known, to the supplies portion of the tables. Note that the cost of installing an optical access port onto a hot cell is also omitted from Table 4 .
Also note that the lasers used for this comparison are not representative of the current commercial state-of-the-art. Thus these costs should be overestimates of what is currently achievable with both Nd:YAG and excimer laser technologies. Table 4 . Estimated Tank Decontamination Costs (Excimer Laser). for the in situ laser decontamination of a process tank located within a restricted environment. It is likely that the application of these estimation techniques will require tailoring to individual sites and decontamination projects. These estimations are based upon the performance specifications of research-grade lasers, which are not designed for industrial applications. Both Nd:YAG and excimer lasers are available in industrial models that warrant consideration for WINCO projects. The cost estimates presented earlier in the text (Tables 4 through 6) indicate that equipment costs are a small percentage of total costs. Purchasing a more robust, more easily serviced, laser will not seriously impact the total decontamination cost if the capital equipment can be amortized over a reasonable period of time. Labor costs dominate these projects. Were the laser operator placed in charge of multiple instruments or were additional automation possible, total costs could be reduced significantly.
The tank cleaning cost estimate can be compared with the costs of other waste management alternatives. If the WINCO tank is classed as a lowlevel waste (LLW) and buried without compaction, the estimated cost for burial (at a LLW burial cost of $100 per cubic foot) will be -$1200.
tank needs to be buried as a TRU waste the cost will be substantially greater. No effort has been made here to compare the costs of laser decontamination with those of other decontamination alternatives. This could be done using an expert system available in Ames.6 If the There is great interest in utilizing Nd:YAG lasers, which can be efficiently transported through conventional optical fibers into difficult-to-access areas, for the decontamination of process e q~i p m e n t .~ The chief impediments to such use are related tg wavelength (Le., ablation of %. Total pulses on unit area 6000 Figure A1 . Variation in decontamination rate with power density (Le.,. irradiance). These data are measured for the decontamination of WINCO SIMCON samples. The irradiance is changed by adjusting the laser spot size while keeping the repetition rate and energy/pulse constant. No correction is made for losses in energy transmission due to reflection from lens surfaces.
Note that the variation of ablated mass with laser fluence, shown in Fig. A2 , is approximately linear for all wavelengths. This suggests that the results in Fig. AI are consistent with removal of radioactive surface contaminants. Also note that there is much more effective surface ablation at lower wavelengths then at the Nd:YAG wavelength.
The fluence used in our experimentation, -2 J cm-2, is quite a bit lower than those used in the study cited above. Assuming a laser pulse width of -25 ns for excimer laser pulses, a fluence value of 200 J/cm2 translates into an irradiance of 8E09 watts/cm2 where we believe substantial plasma formation will occur. It is likely that surface decontamination efficiency will decline after plasma formation and that there is likely to be an optimum irradiance for We believe that the trend toward higher efficiency at UV wavelengths, shown in Fig. A2 , exists at the fluence levels we employ. To be conservative in our comparison of excimer and Nd:YAG lasers, we assume that lmin will go from 1E08 W/cm2 to 5E08 W/cm2 as we move from 248 nm laser radiation to 1064 nm laser radiation.
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Calculation of Decontamination Times:
. .
We begin by calculating the area of the minimum irradiance beam for each laser using the parameters listed in Table 3 and equation A l :
Area = E (joules) "(1rnin)-*(Dt)' I .
For 248 nm radiation, Imin is assumed to be 1E08 watts/cm2 whereas it is assumed equal to 5E08 watts/cm2 for Nd:YAG radiation at 1064 nm. lasers used at minimum irradiance, interior and exterior surface areas) minimum irradiance np = number of pulses needed to decontaminate minimum irradiance area.
In calculations using equ. A2, "np" is set equal to 15. This somewhat arbitrary choice is made because real applications of laser decontamination technology require overlapping pulses onto an elementary area and revisiting areas previously treated to ensure that all contamination is removed. This particular choice is consistent with experimental work in our laboratory that shows effective decontamination at an irradiance close to the estimated minimum at 248 nm. Since our experimental evidence suggests that raising the irradiance above the minimum value increases the amount of material ablated (see Figs. A1 and A2) in a roughly linear fashion, we can modify equation A2 to
